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Abstract 
The present work describes the use of the combination of optical microscopy, scanning electron microscopy and micro-Raman 
spectroscopy for the identification of pigments in art works containing both organic and inorganic supports. Two kind of art 
works have been selected: ecclesiastical bulls (from the end of the XV century – beginning of the XVI century) and gilded copper
enamelled candelabra from the XIII century. The pigments used in writing inks from organic supports and from polychrome 
enamels in inorganic supports have been determined. 
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1. Introduction 
This work is intended to determine, through Raman spectroscopy in the microRaman mode, the type of inks used 
in a series of more than 40 incunabular and post-incunabular ecclesiastical bulls (Figure 1, left), dated between 1484 
and 1535 AC, found in the tomb of Dª. Isabel de Zuazo in San Esteban Church [1], Cuellar, Segovia, Spain, as well 
as in two trip candelsticks (Figure 1, centre and right) from the Museo de Valladolid, Spain, gilded copper, 
enamelled in blue, red and white colours with the Champlevé technique, dated on late 13th century in Limoges, 
France. All of them have been treated in “Centro de Conservación y Restauración de Bienes Culturales de Castilla y 
León” in order to their restoration and conservation. 
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Figure 1. Left: Bulls and fragments of bulae from the tomb of Dª. Isabel de Zuazo in San Esteban Church, Cuellar, Segovia, 
Spain. Centre and right: Trip candelsticks in gilded copper, enamelled in colours with the Champlevé technique (13th century, 
Limoges, France). (The pictures were supplied by Alberto Plaza Ebrero from ©CCR de Bienes Culturales de la Junta de Castilla 
y León).
2. Experimental 
Optical microscopy (OM), electron scanning microscopy (SEM) and micro-Raman spectroscopy (MRS) have 
been performed. Microscopic analysis was carried out with a petrographic LEICA DMLP microscope (x4, x10, x50, 
x100 magnification, with Nomarski optics), equipped with a digital camera automatic image capture, DC100. SEM 
measurements have been carried out at “Unidad de Microscopía, Parque Cientifico, Universidad de Valladolid”. A 
Quanta 200FEG Environmental Scanning Electron Microscope from FEI has been used in this study. This is a Field 
Emission SEM, provided with a Schottky filament, which can work at variable pressure inside the chamber. The 
SEM system has attached an X-ray analyser (Genesis XM2i from EDAX) for EDX measurements. Qualitative and 
semi-quantitative (ZAF, PhiZAF and PhiRhoZ methods) elemental analysis can be achieved in this system. MRS 
measurements, both single spectra and images, were performed using a Jobin-Yvon Horiba LabRam-HR (high 
resolution) system interfaced with an Olympus BX41 optical microscope. The system was also equipped with 
automated x–y motorized stage. The spectra were acquired with a 1200 grooves/mm diffraction grating, and a 
Peltier cooled charge-coupled device (CCD) detector. Spectra were excited with both the 632.8 nm emission line of 
a He–Ne laser, and the 514.5 nm line of an Ar+ laser. Olympus x100 objective with 0.95 numerical aperture was 
used. The system was operated in the confocal mode (confocal diaphragm and entrance aperture set at 300 ȝm). 
With this configuration, the lateral resolution was ~1 ȝm, and the spectral resolution was determined to be 1 cmí1.
Extended scans were performed on each sample. The laser power was lowered with density filters to avoid thermal 
decomposition of the samples. Representative spectra of the pigments materials were selected and treated in order to 
determine the main spectral parameters of the bands, e.g. frequencies, bandwidths, and relative intensities. 
3. Results 
A total of nine samples taken form the studied bulls have been analyzed. Figure 2 (left) show the Raman spectra 
of four red colour samples were peaks at 254 (very strong), 287 (weak, shoulder) and 347 (medium) cm-1 are 
observed, assigned respectively to Hg-S vibrational tension, Ȟ(A1), and vibrational normal modes, ELO and ETO.
These spectra correspond to the vermillion (HgS) mineral phase [2]. The different band shapes and relative 
intensities between the bands might be due to the different crystallinity of the pigments. This could be due to the 
different origins of the mineral, or to differences in the pigment preparation, e.g. mineral milling. Raman spectra of 
bulls black inks reveal the presence of lampblack [2]. Figure 2 (right) shows the Raman spectra from four black 
inks, the spectra fit that from the so called carbon black pigment, characterised by two bands at 1386 cm-1 (D1) and 
1595 cm-1 (G),  usually assigned to vibrations between C-C bonding with sp3 hybridization and to tensions E2g (C-C) 
in aromatic structures, respectively [2]. 
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Figure 2. Raman spectra from different bull inks dated in the XV-XVI centuries. Left: vermilion (HgS) pigment obtained in the 
red ink; right: lampblack (C) pigment obtained in the black ink. 
It is important to note the differences in the Raman intensity ratios between D and G bands, as well as the 
changes in the peak position of the G band maximum and in the half width at medium height of both bands. All 
these changes evidences that the materials used to get the different carbon black pigments have different origins.  
The composition of late 13th-century copper articles coloured enamels, from Limoges (France), is of interest to 
ceramic scientists and art historians [3-6]. We analyzed two Limoges enamels blue, red and white coloured using 
SEM/EDX and MRS (Figure 3). When observed at high magnification, candlesticks show a scratched surface as a 
result of an old mechanical cleaning by means of a mixture of organic and inorganic compounds, producing lacks in 
the gilded surface and filling enamel cavities. Elemental analysis showed 79.19% Au, 5.96% Cu and 14.86% Hg in 
the support composition. These results suggest a gild with mercury amalgam. 
Figure 3. SEM images and EDX spectra of golden layer and enamels in red, white and blue colours. 
The resulting EDX analysis indicated the presence of copper in all coloured enamels (except the white one) once 
the Cu background from the substrate was substracted (Figure 3). It can be attributed to various mineral compounds 
of copper, cuprite-tenorite (red colour) and carbonate whit cupper metaborate (blue colour). The SnO is used to 
yield opacity. Quantitative analysis relative to the proportions of oxides of different elements (K, Na, Mg, Al, Ca 
and others) suggests that the enamel is a feldspar (Na, Ca, Mg)(K, Al)SiO3 glass with less proportion of magnesium 
and potassium oxide, as usual in 13th century Limoges enamels. 
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Figure 4. Raman spectra of white, green, blue and red enamels obtained using both 632.8 and 514.5 nm laser excitations. 
Figure 4 shows the Raman spectra of the coloured enamels, confirming the EDX analysis. The Raman 
assignation has been performed following the work of Farmer [6]. The base of the enamels is constituted by 
wollastonite, CaSiO3 [635 and 970 cm-1] and feldspar. The enamel layer´s thickness, estimated from the interference 
bands, is about 16 ȝm (refractive index: 1.60). The white pigment is casiterite, SnO2 [630 and 775 cm-1] and PbO2
[289, 318, 341, 358, 428, 515 and 540 cm-1]. The green pigments are malachite Cu(CO3)Cu(OH2) [external modes at 
271, 358, 433, 508 and 537 cm-1; 722 cm-1 Ȟ4(B2), 757 cm-1 Ȟ4(B2); 1062 and 1096 cm-1 Ȟ1CO3, 1364 cm-1 Ȟ3(B2), 
1494 cm-1 Ȟ3(A1), 3352, 3384 and 3439 cm-1 ȞOH]. The blue pigments are casiterite SnO2 [475, 634 and 773 cm-1,
Eg, A1g and B2g modes] with cupper metaborate Na2B4O7/Cu(BO2)2 glass. Red pigments are tenorite, CuO [290 and 
340 cm-1], yvory black C [960 cm-1, 1386 cm-1 ȞC-CD1; 1595 cm-1 E2g ȞC-CG] and Cu(HCOO)2.nH2O [2858 and 2890 
cm-1]. The cleaning paste is quartz SiO2 [465 cm-1] dispersed in fatty acid [3075 cm-1 ȞCH].
4. Conclusions 
 Raman spectroscopy is shown to be a powerful non destructive technique for the identification of pigments in art 
works, thus being a very valuable tool for the characterization of materials of interest from the Historic Cultural 
Heritage.  
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